Absfrucf -The first part of the paper presents a systematic method for the modeling of power electronic networks with multiple switches using the classical Lagrangian framework. The main advantage of this method is its structured and general character compared to other methods. The power of working with Lagrangian dynamics, especially when very large networks have to be analyzed, is that Kirchhoff's voltage law is given in advance, while the interconnection structure is based on Kirchhoff's current laws only. The physical nonlinear structure of these systems is revealed and can be used for feedback controller design and stability analysis. The second part concentrates on the recently proposed passivity-based controller design technique based on the Lagrangian structure. Besides its physical significance, this approach appears to be an interesting alternative when dealing with the problem of input filter influences in power electronic systems. With this technique artificial damping is injected such that the impedances of the in-and output filters can be matched. In this way power is not reflected and resonance problems, especially during the start-up and transient conditions, are minimized. A unity power factor passivity-based control algorithm for the three-phase Buck type rectifier with an input filter is proposed that does not require current sensors but only measurements of the capacitor voltages.
I INTRODUCTION
A continuous flow of papers is presenting the theoretical and practical approaches for modeling and control of power converters. A variety of methods are proposed for obtaining a description of the dynamics of these electrical switching networks. The analysis is mainly based on small-signal models following from state space averaging techniques . In recent developments power converters are considered from a physical (energy and interconnection) point of view. It is first shown in [8, 91 that this class of systems actually correspond to systems derivable from the classical EulerLagrange (or Hamiltonian [2] ) dynamic considerations. The main advantage of this approach is that it reveals the often overlooked physical (nonlinear) properties of power electronic networks. The physical properties can be used for the design of feedback controllers that do not involve the cancellation of nonlinearities. None of these methods, however, offer a straight forward and systematic method to obtain dynamic models in a general structured way such that the method is applicable to all kinds of switch-mode power converters or inverters. In [ 111 a method is proposed to obtain the dynamic models from the Euler-Lagrange (EL) dynamic considerations for single-switch DC-to-DC converters, and is extended to networks containing coupled-magnetics [12] . In the first part of this paper we show that this procedure can also be used for large power electronic networks with multiple switches. The power of working with Lagrangian dynamics is that Kirchhoff's voltage law is given in advance, while the interconnection structure is based on Kirchhoff's current laws only. A six-switch three-phase Buck rectifier with LC input filter is used to illustrate the method.
Apart from its practical relevance, the three-phase Buck rectifier is an interesting case study because (due to the input filter) it is a non-minimum phase system and the phase shift (also caused by the input filter) between input currents and voltages varies with the load and with the magnitude of the input voltages. In a practical situation these magnitudes are often uncertain parameters. In the second part of the paper we design a controller based on the EL properties derived in the modeling part. This passivitybased controller (PBC) preserves the EL structure of the system but modifies the energy and dissipation structure. It is shown that the dissipation characteristics can be modified in such a way that the impedance of the input and output filters can both be matched dynamically. In this way power is not reflected and resonance problems, especially during the start-up and transient conditions, are minimized. Simulations are performed to evaluate the proposed controller when the system is subject to changes in the reference.
I1 LAGRANGIAN MODELING
The main part of the modeling procedure consists of establishing a suitable set of EL parameters, which fully describes the (idealized) dynamics of an electrical circuit E. The system is then expressed by means of a five-tuple as [ 11,121: where q ( t ) is the electric charge and q(t) represents the vector of flowing current. For sake of brevity we omit the time dependency in the remaining of the document. The vectors q and 4 represent the generalized coordinates describing the circuit and are assumed to have n components related to the n~ inductors and nc capacitors, i.e. q = [qT,qZlT with qT = [ q~~, . . . , q~~~] , and q z = [qcl,. . . , qc,,]*, n = n~ + nc. We denote by 7 ( q , Q ) the total magnetic co-energy, and by V ( q ) , the total electric field energy of the circuit, which for linear inductors and capacitors are defined as
APPLICATION TO THE BUCK RECTIFIER
To illustrate the proposed modeling procedure we will consider the Buck rectifier with LC input filter depicted in Fig. 1 . We assume that the rectifier operates in continuous conduction mode (CCM), and that the source voltages are balanced, i.e., e 1 + e2 + e3 = 0. We also assume that there is no neutral line. The circuit consists in its main part of three subcircuits: an LC input filter, (u) we denote the generdized forcing functions, related to the external voltage sources (supply voltage, semiconductor junction voltage drops, back electromotive force of electrical machines) associated with each charge coordinate. The latter parameters are then simply obtained by following the first five steps as given in full details in [l 1, 121. The last step is defining the Lagrangian of the circuit as L(q, 4) = 7 ( q , q ) -V ( q ) and plugging the mformation of (1) in the constraint equations given by dT(u)Q = 0, X E I t k ,
(3)
After solving for the Lagrange multipliers A, a state space description is obtained by choosing the currents corresponding with the inductive elements, and by selecting either the charge or the voltage corresponding with the capacitive elements, as state variables. Note that the upper part in (3) simply represents Kirchhoff's voltage law, while the constraint represents the current laws.
In three-or multi-phase power electronic networks it is often assumed that the source voltages satisfy certain constraints. For a g-phase network with n dynamic elements these constraints will be of the form .Fl + ... + qg = 0, where ij E fi,
For a symmetrical g-phase network this will often result in constraints on the current coordinates of the form qil + . . . + qig = 0.
From a system theoretic point of view this type of constraints implies that the system is non-minimal in the present description. In general there are many ways to deal with this type of algebraic dependence. In the field of electrical machines and power electronic networks, a very often used and convenient method is to shift the system into an orthogonal fixed (a, ,f3) or rotating ( d , q) reference frame, see e.g. [6]. Later on we shall see that this transformation is actually necessary for the application of passivity-based controller design.
Since the converter is supplied by a voltage source, the input capacitor voltages must not be shortened and at any time a path should be provided for the output inductor current. These restrictions can be expressed as sjl + sj2 + sj3 = 1. For convenience In this case A E R3. We now have all the information that characterizes the dynamic behavior of the circuit. Plugging (6), (7) and (8) into (3) yields the following EL representation of the circuit:
for k = 1,2,3. Then after a change of coordinates denoting the inductor currents and capacitor voltages, respectively, one obtains the following matrix representation
where M is a positive definite diagonal matrix containing the inductor and capacitor values, R is the dissipation matrix containing the resistive elements, ,7 + J'(u) is the interconnection structure, and I is the vector representing the voltage sources. The property 1 1) is exactly the same model as obtained in e.g. El]. In the new coordinates (10) the (co-)energy and the dissipation (co-)energy of the system is now given by Buck rectifier given by the equations (1 1) this means that the state variable 5 is replaced by the average state 3, representing the average inductor currents and capacitor voltages, and the discrete control vector U is replaced by its duty ratio function vector p.
(ii) The source voltages satisfy a constraint of the form e 1 + e 2 + e 3 = 0. In that case (1 1) is actually a non-minimal description. In contrast to [l] we have that 2 E R6 instead of 2 E R8. A minimal description can be found by using the properties 5 3 = -(XI + z 2 ) , 27 = -( x 5 + 2 6 ) and u 3 = -( u 1 + u 2 ) . It is easily checked that if we eliminate the constraints in this way the interconnection structure of the Buck rectifier in the minimal state space representation does not satisfy the skew-symmetric property anymore. This is due the fact that such transformation is not energy (or power) preserving. To overcome this problem, the system has to be rewritten in a orthogonal reference frame by performing c.0-or dq-transformation.
Under the assumption that all three-phase variables are balanced, we have after performing some straight forward calculations, e.g. 
Remarks:
(i) As shown in [9] , the switched EL equations are closely related to the average PWM (pulse-width modulation) models. For the or in matrix form:
It is then easily checked that for the PWM model with states 3 we have
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which shows that the transformation is indeed energy preserving. In following sections we shall use the above properties for the control design.
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IV CONTROLLER DESIGN
The basic idea behind passivity-based controller design is to modify the energy function and add damping by modification of the Rayleigh dissipation function. Full details of this design technique can be found in e.g. [8, 91. Since we have given a general procedure to build an Euler-Lagrange model for (multi-switch) electrical networks, we can also generally apply the passivity based control design technique. However, one issue that remains is the choice of the state variable to be stabilized to a certain value, in order to, possibly indirectly, regulate our output toward a desired equilibrium value. For the Buck circuit with input filter it can be shown by bringing the system in normal form (see e.g., [4, 121) or by linearization (see e.g., [ 1, 31) that the zero-dynamics of all states with respect to the control inputs are unstable, except for the input current. This means that we are dealing with a nonminimum phase system and thus we can not control the input capacitor voltage, the output current, and output capacitor voltage directly, when using the passivity-based approach [8, 9] . The only feasible states that remain are the input currents.
A The Single-Switch Buck Cell
Before we design a controller for the three-phase Buck rectifier let us first show the idea of impedance matching by studying a simple circuit such as the single-switch Buck cell depicted in Fig. 2 From classical control theory we know that in order to have a perfect match (zero overshoot), R$ has to be chosen such that
R t R $ and thus that
We could also modify the original EL parameters of the Buck cell to inject parallel damping. This is done by setting the injected damping matrix
with, for example, the control law
The resulting input-output relation from v d to 22 is now given by
The closed-loop dynamics (24) imply that there is a resistor Rf connected in parallel with the output capacitor. Note that for both the controllers the source voltage is eliminated from the closedloop dynamics, which is an inherent property of the passivitybased approach. Let us now return to our more complicated threephase rectifier example.
B Stabilizing Controller for the Three-phase Buck Rectifier
We are now ready to provide a controller for the three-phase rectifier that stabilizes the output capacitor voltage as well as the input capacitor voltages by dynamically matching the filter impedances. As a result the in-and output inductor currents are stabilized as well. As briefly discussed at the start of the previous section, due to the non-minimum phase nature of the rectifier the only feasible regulation is achieved through regulation of the input currents, in the dq reference frame: I: and 1 : . Following [8] , we start by modifying the energy of the rectifier (15) to arrive at a desired one that preserves the structure of the original energy, i.e.,
'Hd
where zd denote the desired auxiliary states of the controller. The minimum of this energy will then be located at the desired equilibrium point, which as a function of the desired output capacitor voltage, V,", is given by
The internal resistances, Ri, of the source and the switches are for ease of calculations set to zero. We choose to inject parallel damping on the capacitors, Ci and Co. This is done by forcing the closed-loop dissipated energy to be of the form which is accomplished through the following implicit definition of the control law:
where R& is the required damping modification given by Hence, we find an explicit definition of our controller by choosing as the control laws 
Remarks:
(i) If we would like to inject series damping both the input inductor current and voltages have to be measured, resulting in the use of extra (expensive) sensors. Besides the use of extra sensors, the closed-loop response will also be slower because the input time constants are increased.
(ii) In order to account for parametric uncertainty the above control scheme can also be extended to an adaptive version, as presented in e.g. [8, 121. (iii) Because the controller is based on the average dynamics of the rectifier the actual measured states need to be filtered. In this way extra phase shift is injected into the loop which can cause unaccounted stability problems. This is a drawback of working with control algorithms based on average dynamics. However, in our case the simulations in the following section show promising results with realistic switching frequencies.
V SIMULATION RESULTS
Computer simulation with SIMULINK was performed in order to validate the closed-loop dynamics of the controlled Buck rectifier. We now use (1 1) with the discrete values for the switches. Table I shows the parameters used for the analysis. The control parameter for output matching is set to while R: is set to R; = 2: = 15.80. First-order low pass filters are used to suppress the ripples in the actual input capacitor voltages, the cut-off frequency is set to 0.5f,. The response of the system for step changes at t = 0.01 and t = 0.075 in the desired output capacitor voltage is depicted in Fig. 4 . As can be seen from the bottom figure, the controller achieves the desired indirect stabilization of the output voltage around the desired equilibrium value without any oscillations or overshoot. The input current shows a small oscillation but no overshoot. This oscillation is due to a small impedance mismatch caused by the additional low-pass filters. Note in the top figure that the power factor reaches unity almost instantly, i.e., the input current 2 1 = 4~~ (solid line) is exactly in phase with the source voltage el (dashed h e ) .
VI CONCLUSION
In the first part of this paper the systematic method to build dynamical models for (power) electronic networks as proposed in [ll, 121 is extended to a broad class of electrical networks containing multiple switches. The power of working with Lagrangian dynamics, especially when very large networks have to be analyzed, is that Kirchhoff's voltage law is given in advance, while the interconnection structure is based on Kirchhoff's current laws only. Orthogonal transformations to obtain minimal state space descriptions are in many cases necessary to preserve the EL structure. In the second part we have given some circuit-theoretic interpretations of the PBC design method. For the Buck rectifier it appears that, the dissipation structure can be modified such that impedance of the input and output filters can be matched by injecting virtual damping resistors. The resulting PBC strategy does not require current sensors but only measurements of the capacitor voltages. The simulations show a good agreement with the developed theory. Although not shown here, several other tests have shown that the closed-loop system is very robust against voltage source perturbations.
Further research is recommended towards the application of impedance matching by way of a passivity-based controller to other power electronic circuits. Involvement of more non-ideal physical effects, like saturation and (non-ideal) diodes has to be studied in the Lagrangian framework. The influences of the measurement filters has to be studied. An adaptive scheme should be added to account for parametric uncertainty. Future plans include the design of an experimental setup to test the performance of the passivity-based controlled Buck rectifier in a real-time environment. It is also of interest to compare the performance of the PBC Buck rectifier with other existing control strategies.
